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Magic Sand, a hydrophobic toy granular material, is widely used in popular science instructions
because of its non-intuitive mechanical properties. A detailed study of the failure of an underwater
column of magic sand shows that these properties can be traced to a single phenomenon: the
system self-generates a cohesive skin that encapsulates the material inside. The skin, consists of
pinned air-water-grain interfaces, shows multi-scale mechanical properties: they range from contact-
line dynamics in the intra-grain roughness scale, plastic flow at the grain scale, all the way to the
sample-scale mechanical responses. With decreasing rigidity of the skin, the failure mode transforms
from brittle to ductile (both of which are collective in nature) to a complete disintegration at the
single grain scale.
INTRODUCTION
Dry granular systems are known to exhibit both liquid
and solid-like properties. While there are many instances
where a granular assembly exhibits liquid-like properties
[1–4], examples of granular systems illustrating solid-like
properties are rare with one exception: the typical conical
sandpile shape [5]. To craft more complex shapes, e.g.,
sand art, it is necessary to add additional constraints.
These constraints can be added in the bulk or at the
boundary. Adding a small quantity of water to the sand
introduces constraints in the bulk in the form of capillary
bridges [6–9]. Conversely, encapsulating dry grains in a
container is an example of constraints that are applied
at the boundary [10].
In general, encapsulation requires isolating materials
from their surroundings and it is achieved either by (i)
introducing another material in the interfacial region or
(ii) facilitating processes at the interface that create self-
encapsulation. Examples of the former range from the
simple instance of a bag or a silo containing cereal grains
to more complex examples of thin polymer films wrap-
ping liquid droplets [11, 12], texturing of liquid droplets
(‘liquid marbles’) by attaching hydrophobic powder to
its surface [13] and stabilizing emulsions by particles or
surfactants [14, 15]. In contrast, a liquid that oxidizes
on contact with atmosphere to develop a stress bearing
skin is an example of self-encapsulation [16].
In this paper we study the self-encapsulation of a gran-
ular system consisting of hydrophobic sand [17–20] under
water. This system self-generates a skin which encap-
sulates dry hydrophobic sand-grains and stabilizes the
trapped air (bubble) against the force of buoyancy. Re-
moval of trapped air breaks down this encapsulation. The
paper also explores the mechanical properties of this sys-
tem at multiple scales: from the pinning of the three
phase contact line at the roughness scale of the parti-
cle, plastic flow at the grain-scale, to sample-spanning
mechanical responses. It may be noted here that while
hydrophilic granular systems – both dry and wet – are
widely studied [5, 21], hydrophobic sand grains sub-
merged in a non-wetting liquid like water remain largely
unexplored [17–20] even though such systems are of prac-
tical importance, especially in pharmaceutical, food and
petroleum industries where newer encapsulation strate-
gies are in great demand [22].
Mechanical response of a system is usually described
in a small neighborhood of a reference state. For a dry
granular assembly a ‘state’ of a system is described in
terms of the center of mass of the grains and the forces
among them. For values of strain smaller than 10−5, dry
granular assembles show elastic response, i.e., the refer-
ence state can be restored by setting the applied forces
to zero (see p 92 of [23]). This elastic response comes
from the reversible deformation of the region of contact
between the grains. However, to describe the state of the
hydrophobic sand immersed in water the information re-
garding the center of mass of the grains is not sufficient.
We need to augment it with additional information about
the detailed layout of the three phase contact lines and
the local contact angles of the skin. The three phase
contact lines formed at the grain-water-air interface are
immobilized (pinned) by defects present in the system
[24–26]. Any additional deformation of the skin causes
the contact angles to change from their reference values.
This generates restoring forces in the system, i.e., if the
contact angle changes from θ to θd the restoring force
per unit length is ' γ(cos θd − cos θ), here γ is the sur-
face energy at the water-air interface. The pinning and
depinning of these contact lines determine the mechan-
ical properties of the material and its mode of failure.
Hence, the present study is an example of the more gen-
eral problem of studying statics and dynamics of systems
with elastic interfaces in a random environment [27].
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2FIG. 1. Image (a) shows an underwater lump-like rigid structure when magic sand is poured into water. The lump has luster
on its surfaces caused by total internal reflection of light at the air-liquid interfaces. When air is gradually removed by pumping
(see (b) the lump loses its luster (as seen in (c). This luster-less lump, when mechanically perturbed, disintegrates into a shallow
flat bed (see (d). A cross-sectional top-view of the lump in (a) which is schematically shown in (e), captures the liquid shapes
at the ‘grain-water-air’ interfaces. The grains that reside on the lustrous skin are marked in red (with dots) and the dry grains
in the interior are marked in green; the water and air phases are coloured in blue and white, respectively. Note, that the skin
supports the weight of the interior dry grains and is hence under tension. The panels (f) and (g) show the scanning electron
micrographs of the sand grains for two different values of magnification. The grain surfaces are decorated with micron-sized
hydrophobic patches. Washing hydrophobic sand in acetone removes the surface patches and makes the material hydrophilic.
The micrograph of the acetone-washed sand grain is shown in panel (h).
THE HYDROPHOBIC GRAINS AND THEIR
WETTING PROPERTIES
As hydrophobic granular material, we use polyhedral
shaped ‘Magic Sand’ grains sourced from Education In-
novation Inc. (USA). They are made by coating poly-
hedral shaped sand grains with a hydrophobic material.
Alternatively, these hydrophobic particles can be made
in the laboratory by coating similar sand particles with
FluoroPel PFC from Cytonix LLC silica [28].
When grains of magic sand are freely poured into wa-
ter, they spontaneously form a cohesive lump: a typical
example of which is shown in Fig.1(a). The immediately
evident features are: (i) the system retains its shape and
(ii) the outer surface of the lump has a luster that orig-
inates from the total internal reflections of light at the
pinned water-air interface [29, 30]. On degassing of
the system achieved by creating a partial vacuum over
the liquid (Fig.1(b), the lump begins to lose its lustre
(Fig.1(c) and when this luster-free system is mechanically
perturbed, it slumps to form a flat sand-bed inside wa-
ter (Fig.1(d). A cross-sectional top-view of the granular
lump in Fig.1(a) is schematically shown in Fig.1(e). The
grains (red coloured with dots) on the boundary together
with the pinned water-interface constitute an encapsulat-
ing granular skin which provides the submerged lump its
structural integrity. The force of buoyancy of the trapped
air and the weight of dry sand grains in the interior (col-
ored with green) exerts stress on the skin causing it to
be under tension.
The scanning electron micrographs of the grain sur-
face are shown in Fig.1(f) and (g), for two different val-
ues of magnification. The micron-sized rough patches
(see Fig.1(g) which come from the hydrophobic coating
on the particle surface are crucial for the observed wet-
ting properties of these sand grains [25]. The equilib-
rium contact angle is measured to be about 150◦ for a
≈ 50µL water drop placed on a single hydrophobic grain
(see Fig.2(a). For the same droplet in a tilted configura-
tion, the advancing and receding contact angles are found
to be ≈ 170◦ and ≈ 120◦ respectively, i.e., the contact
angle hysteresis is ≈ 50◦; see Fig.2(b). The higher magni-
3FIG. 2. (a) Equilibrium contact angle of ≈ 150◦ obtained for
a water-drop (≈ 50µL) placed on a single hydrophobic grain
surface. (b) Advancing and receding contact angles are mea-
sured to be ≈ 170◦ and 120◦ respectively, for the same water
droplet in a tilted configuration. (c) Existence of isolated air
bubbles on the topographic grain surface viewed at a larger
magnification.
fication image of water-grain interface in Fig.2(c) shows
presence of small isolated air bubbles trapped between
the grain and the water which have similar equilibrium
contact angles (≈ 140◦), i.e., the surrounding water is in
partial contact with the hydrophobic sand grains which
creates a Wenzel type wetting scenario [25, 26]. Washing
these grains in acetone removes the hydrophobic coating
and exposes the underlying smooth hydrophilic surface
(Fig.1(h).
CONSTRUCTION OF A SUBMERGED
FREE-STANDING COLUMN
In order to obtain a more comprehensive understand-
ing of the mechanical properties of the system, we choose
a relatively simple geometry which is a free-standing sub-
merged cylindrical column built with magic-sand, using
the following experimental steps. At First, by selective
sieving we obtain grains of different mean sizes a, rang-
ing from 250µm to 2 mm. Second, an acrylic tube of
inner diameter d is made to rest vertically on the flat
base of an empty rectangular glass container. The grains
are thereafter gently poured into the tube upto a desired
height L0. This forms a wall-supported granular column
shown in the left panel of Fig.3(b). The typical packing
fraction φ of the grain assembly is about 0.53. Third,
and in a key step, the acrylic tube is gradually pulled
out while simultaneously filling the glass container with
water. Consequently, the hydrostatic pressure partially
compensates for the over-pressure due to weight of the
grains. This unique protocol prevents grains from clog-
ging
Particles which are in constant physical contact with
the wall of the acrylic tube are immobilized by the fric-
tional interactions. As the tube is withdrawn, it drags
along particles that are in contact with it This exposes
the next layer of particles to water, on which the skin
forms. The resulting particle rearrangements reduce the
diameter by ≈ 1% and increase the height of the col-
umn which is now partially submerged in water by ∆L.
The radial contraction happens within the first few sec-
onds and does not evolve appreciably over time. How-
ever, the axial strain ∆L/Lo keeps increasing in time; see
Fig.3(c). As the tube is pulled out, the number of sand
grains which are in contact with it decreases. This re-
duces the extent of particle rearrangements. As a result,
the rate of change of ∆L decreases with time. The fully
submerged column has a length L which is about ≈ 9%
larger than the initial length L0 of the wall-supported
column. Hence, the volume fraction of the submerged
column is about 7% lower than its value for the wall-
supported case. This free-standing submerged column is
shown in the middle panel of Fig.3(b). The column is
anchored via capillary forces with the hydrophobic sub-
strate at the bottom and is slightly flared close to the an-
choring region. Under an identical protocol, hydrophilic
beach sand instead slumps to form a canonical sandpile
[31].
MECHANICAL PROPERTIES OF THE COLUMN
The submerged column can be thought of as a thin
cylindrical shell (made from the skin) containing non co-
hesive dry grains in its interior. The skin is about a par-
ticle diameter thick and it comprises of the sand grains
on the outer surface of the column and the pinned three
phase contact line. Using a Du-Noüy ring based tech-
nique [32] we measure the interfacial energy of the skin
to be about 0.05 N/m. At a microscopic scale this inter-
facial energy arises from the pinning of the three phase
contact line to the defects present on the surface of the
grains (see Fig. 2(c) [24]. The cohesive coupling stiff-
ness K due to this pinning depends on the size of the
defect `dis and the typical separation ζ between them.
In the limit of strong but sparsely distributed defects,
K = piγ/(ln (ζ/`dis) , where γ is the surface energy at the
water-air interface [33]. Experimentally we observe that
polyhedral grains with smooth coverage of hydrophobic
coating consistently fail to sustain submerged columns.
This suggests that of the multiple scales present in the
system, the micron-sized hydrophobic patches present on
the surface of the grains are most effective in pinning the
contact line.
4FIG. 3. (a) Schematic of the experimental setup to study the mechanical response of sand columns in the presence of body
forces. The vertical water-filled glass container, mounted on a rotary stage, is gradually tilted to apply body forces to the
column. (b) Images of a wall-supported (left panel) and a submerged hydrophobic sand columns (middle panel). The right
panel contrasts the response of hydrophilic sand in water that slumps to form a sand pile. (c) Axial strain ∆L/L0 as a
function of time t while the column is being made; Inset: column preparation at an instance time. (d) The contour plots show
time evolution of the changes in the diameter δd from its mean value for the submerged column (d = 11 mm, a = 500µm)
along its vertical length L. The blue and the orange bands correspond to regions with positive (δd > 0) and negative (δd < 0)
modulations of the diameter, respectively. The right-most panel shows a schematic representation of the peristaltic modulations
created by the wrinkles on the skin.
Growth of imperfections of the column
The process of making the column introduces local-
ized geometric imperfections which evolve slowly in time.
This is captured by the contour plots of the variation δd
of the column diameter from its mean value along its
length over four orders of magnitude in waiting time tw
(Fig.3(d). In Fig.3(d) the blue regions correspond to re-
gions with positive, δd > 0, modulation and the orange
regions correspond to regions with negative, δd > 0, mod-
ulation. The maximum δd is found to be around 0.3mm,
nearly half-a-particle size a; whereas the width of the
modulation in d along L is much larger, approximately
40 particle-lengths. The slow temporal evolution of the
column’s deformation is indicative of creep in the pres-
ence of strong inter-grain friction, brought about by the
competition between the stresses exerted on the skin by
the dry grains in the interior [10] and the interfacial en-
ergy density of the skin. Henceforth, we refer to it as the
wrinkling of the skin.
5FIG. 4. (a) The figure shows sequence of images for increas-
ing tilt angle ϑ which captures the mechanical failure of the
submerged column. Note that unlike the case of a “falling
chimney” which breaks backward in mid-air [34, 35] the sub-
merged column breaks forward (with the exception of a slight
catenary shape seen towards the top for ϑ = 3.18). (b) Vari-
ation of the failure angle ψ on the tilt angle ϑ (protocol of
continuous tilting). Beyond the critical tilt angle ϑc the vari-
ation of ψ with ϑ changes its slope on a semi-log plot (shown
by the red colored dash-dotted lines). The inset shows the
overlay of the images for falling of the column; where R is the
distance of the mid-point of the top of the column from the
point (0, L) on the y−axis.
An order of magnitude estimate of the elastic
constant
In this section we make an order of magnitude estima-
tion of an effective elastic constant for the column. To
do so, we apply increasing body forces to the column by
gradually tilting the vertical water-filled glass container
at a fixed rate; for experimental details see Fig.3(a).
Fig.4(a) displays five representative images of the col-
umn for increasing values of the tilt angle ϑ made by
the base of the container with respect to the horizontal.
Images corresponding to ϑ = 3.15◦ and ϑ = 3.18◦ cap-
ture the process of the column breaking which resembles
a mode-I type transverse rupture. As the column breaks
from a finite column height hc, its upper-part traces out
a distinct arc, y ' hc cosϑ + Lψ cosψ cosϑ (the inset of
Fig.4(b). Here ψ is the failure angle made by the axis of
the falling part with a line whose slope is cotϑ and Lψ is
the length of the falling part of the column. The column
for ϑ = 3.15 is about 3% longer than its length for ϑ = 0.
The variation of failure angle ψ with ϑ changes slope at
ϑc in a semi-log plot (see Fig.4(b). The large slope be-
yond ϑc indicates a rapid toppling of the upper part of
the column. We use ϑc to mark the onset of mechanical
failure. The broken part of the column sinks as a single
object.
One cannot build an arbitrarily long and/or thin col-
umn. If the gravitational energy ' A(ρ− ρf )φgL of the
column exceeds its bending energy ' Y IL2 , the column will
break, here Y is the effective Young’s Modulus of the col-
umn, A = 14pid
2 is its cross sectional area, I = A2/2pi is
moment of inertia of the column and ρ and ρf are the
densities of sand and water, respectively. To estimate the
maximum height Lm of a column we equate the gravita-
tional energy to the bending energy to obtain,(
d2/3
Lm
)
=
(
(ρ− ρf )φg
Y
)1/3
.
At this maximum height the column breaks in its upright
position, i.e., ϑc = 0; this allows us to construct an alter-
native estimate of Lm from the experimentally observed
linear variation tanϑc = −co + ( `ϑd
2
L3 )
1
3 where c0 ≈ 0.15
and `ϑ ≈ 0.12 m are fitting parameters; see Fig.5(a). For
ϑc = 0, we obtain(
d2/3
Lm
)
=
(
c3o
`ϑ
)1/3
.
For d = 11mm, Lm =
(
`νd
2
c3o
) 1
3 ≈ 0.16m. This esti-
mate of Lm is consistent with experimental observations
that stable 11mm diameter columns could only be built
to the height of ≈ 0.15m. Columns built greater than
this height are unstable and fail in their upright posi-
tion. Equating the above two expressions for
(
d2/3
Lm
)
we
obtain Y ' φg(ρ − ρf )(`ϑ/c30) ≈ 105 Pa for the sub-
merged column. This is about two orders of magnitude
smaller than that observed for wet sand containing 1%
water by volume [36].
Heuristic arguments for calculating hc: The falling
column is visually similar to the well studied problem
of a “falling chimney” that breaks mid-air due to tilt-
ing [34, 35]. For the case of a falling chimney the ten-
sile stress at the leading-edge and the compressive stress
at the trailing-edge at small tilt angles is maximum at
∼ L/2 (for tilt angles greater than 45◦ it is about L/3),
and is usually the point from where the chimney fails
[34]. Though, one expects a similar spatial variation of
the stress for the submerged column, when L < Lm, we
find the following (i) the height hc at which the column
breaks varies quadratically with the column length L;
6FIG. 5. (a): Variation of tanϑc as a function of d2/3/L. The solid line is a numerical fit for the expression: tanϑc ' −co+( `ϑd2L3 )
1
3
where c0 ≈ 0.15 and `ϑ ≈ 0.12 m are obtained from fitting. The confidence band of the fitting is marked in yellow. (b) Variation
of hc as a function of L2, obtained for d = 11 mm and a = 500µm. The solid line is a linear fit of hc = L2/`β , where `β ≈ 0.5 m.
The inset shows the variation of hc as a function of d, obtained for L = 100 mm and a = 0.5 mm. For a contrast, the dashed
line hc = L/2 corresponds to the failure criteria of the chimney’s falling for small tilt angles [34]. (c): Variation of hc with
ξ1/3L for submerged columns of different d’s, a’s and L’s. The solid line shows the linear dependence.
see Fig.5(b) and (ii) hc decreases with increasing column
diameter; see the inset of Fig.5(b).
From a dimensional argument, for values of L smaller
than Lm, we propose that the height hc is related to the
column length L by the following relation hc = f(ξ)L
where ξ = Aφg(ρ−ρf )L3/Y I = 8φg(ρ−ρf )L3/Y d2 is the
ratio of the gravitational and the bending energies [37].
Since hc ∝ L2, f(ξ) must vary as ξ 13 , i.e.,
hc ∝ ξ1/3L.
A good agreement of this expression with a large set of
experimental data, obtained for different lengths and di-
ameters of the submerged column and for various grain
sizes, are shown in Fig.5(c). Here, we have taken the ef-
fective Young’s modulus of the column Y (= 105 Pa) to
be a constant, independent of the grain scale, which im-
plies an approximate validity of a continuum mechanical
description of the system in this range of deformation.
The connection between the wrinkling of the skin
and the critical height hc
The functional dependence of the critical buckling
stress on the geometrical parameters for a cylindrical col-
umn is different from that of a cylindrical shell. For the
column the critical stress is proportional to (d/L)2 [38]
whereas for a shell it is proportional to (aδ/d) [38]. Here
aδ is the thickness of the shell. In the present experi-
ments (d/L) ≈ 0.1 and (aδ/d) ≈ 0.005, where the shell
thickness aδ is of the order of particle diameter ≈ 0.5mm.
Thus, there are two critical stress values; one that corre-
sponds to the buckling of the shell (skin) and the other
that corresponds to the buckling of the column. Since
(d/L)2 > (aδ/d), for increasing values of stress, the buck-
FIG. 6. Left panel: Contour plot of the curvature κ along
y-axis for varying ϑ. The curvature data is calculated for the
advancing (right) edge. The column can take in any value
within the range {0, ymax} on the y axis. When ϑ = 0 the
maximum projected height of the column on the y axis equals
the total length of the column, i.e., ymax = L. As the column
tilts ymax decreases. The hatched region corresponds to the
values on the y axis where y > ymax. Right panel: zoomed-in
portion of this same plot at close to the failure height hc.
7ling of the shell which causes the skin to wrinkle, precedes
the failure of the column (assuming that the elastic con-
stant of the entire column is greater than or equal to the
elastic constant of the skin alone).
The skin is an integral part of the column and its wrin-
kling influences the buckling of the column in the follow-
ing way. The wrinkles on the skin generates geometric
imperfections of the column. These imperfections (i) low-
ers the critical stress at which the system fails [39] and
(ii) influence the location from where the system fails.
To study the role played by the wrinkles (geometric im-
perfections of the column) in determining the height hc
from which the column fails we track the curvature κ of
the column along its length for the leading edge till the
column breaks up into two pieces.
To calculate κ, the boundaries of the leading and the
trailing edges are passed through a low pass filter that
suppresses features smaller than a single grain size [40].
These edges are detected using an edge detection algo-
rithm based on [41]. Fig.6 shows the curvature data for
the advancing edge.
The contour plot of the curvature clearly shows the
existence of bands of high curvature along the length of
the column. These bands correspond to the wrinkling
of the skin (Fig.3(d). As the column tilts the lowest
wrinkle develops into the most prominent imperfection
of the column and it acts as a seed from where the failure
of the column is initiated.
The critical height hc from where the column breaks
varies quadratically with the length L of the column.
Since the location of the lowest wrinkle coincides with hc,
it is natural to expect the wavelength associated with the
wrinkles to have the same L dependence as hc. However,
within the framework of shell buckling, the wavelength
of wrinkles is independent of the length of the column
[38]. So, a model based solely on buckling produced by
static loading is inadequate to describe the experimental
scenario.
We speculate that the observed length dependence of
hc is related to the perturbations imparted to the col-
umn by the mechanical noise associated with the process
of tilting. This gives the loading a certain dynamic char-
acter which could in principle facilitate coupling of the
various global length-dependent buckling modes to the
wrinkling induced localized imperfections of the column
[42, 43]. This conjecture needs to be examined in future
in greater detail.
Opening of the wedge between the falling top and
the anchored bottom of the column
The inset image in Fig.7 displays an instantaneous dis-
tance D at the apex of the visually identified wedge be-
tween the falling top and the anchored bottom parts of
the column. This wedge opens up from the trailing (left)
FIG. 7. Progression of the wedge length D (marked in the
inset image) as a function of of the time δt measured onwards
from the first observable instance of the wedge opening at the
left edge between the falling top and the anchored bottom.
The lower inset shows the variation of the velocity Vc at which
the breaking front progresses with the grain size a.
edge and progresses towards the advancing (right) edge
of the column. The variation of this distance D with
time δt is plotted in Fig.7, here the time δt is measured
onwards from the first observable instance of the wedge
opening at the left edge between the falling top and the
anchored bottom. As can be seen, the wedge advances
with an average velocity of Vc ≈ 0.02 m/s.
Neglecting the viscous drag, the time required for a
non-anchored column to topple can be obtained by equat-
ing the toppling torque acting through the center of mass
of the falling part of the column and the rate of change
of the angular momentum. This ‘shortest’ falling time
is about a second which is the same for the wedge to
move across the sample. Accounting for the viscous drag
will increase the estimate of the falling time. Unlike con-
ventional solids which break by developing cavities in the
bulk, the interior of the submerged column is made of dry
grains that cannot support an open gap. The gap can be
sustained only if water drains in and generates a confin-
8ing skin which prevents individual particles from falling
into it. Hence, the speed at which the wedge opens sets
a lower limit on the tearing speed of the skin. The inset
of Fig.7 shows that the particle size influences the speed
Vc at which the apex of the visually identified wedge be-
tween the falling top and the anchored bottom moves –
suggesting that the wedge opening is influenced by tear-
ing of the skin.
Effect of stress cycling on the skin
Figure 4 (a) shows that tilting of the column alters the
shape of the column. To study the elastic and plastic
response of the column, we utilize an incremental stress-
cycling protocol; which is the mechanical equivalent of
minor hysteresis loop in magnets [44]. Here, the col-
umn is recursively stressed such that the minor loops
have three branches: (i) an increase−ϑ branch where the
tilt angle increases from 0 to ϑmn at a fixed rate (ii) a
clamp−ϑ branch where the tilt angle is held constant
at ϑmn for a fixed period of clamping time and (iii) a
decrease−ϑ branch which corresponds to decreasing the
tilt angle from ϑmn to 0, with the same rate as in (i). They
are accessed sequentially. For each successive cycle, the
maximum tilt angle ϑmn increases linearly with n, where
n is the numerical index for the cycle. An instantaneous
configuration of the submerged column is referred to as
C (n, ϑ : τ), where τ is the time spent by the system
in the clamped state. Fig.8A shows the cyclic variation
in the relative displacement (ε − sinϑ) as a function of
the tilt angle ϑ for selective values of n = 1, 7, 11 and
13 respectively; here ε = R/L and R is the distance of
the mid-point of the top of the column from the point
(0, L) on the y−axis (the inset of Fig.4(b). For a first
few cycles (n ≤ 5), i.e., for smaller values of ϑmn , the skin
deforms in a reversible manner. We limit our statement
of the reversibility: it is entirely possible that while the
skin may behave in a reversible manner, the dry grains
in the interior of the column may not. For larger values
of ϑmn (n > 5), the column shows noticeable irreversibil-
ity and hence, the hysteresis increases. The parameter
(∆εn − sinϑmn ) is a measure of the strain developed in
each cycle while the parameter Ω determines the loop
area of each stress cycle; which is a measure of the ac-
cumulated hysteresis and dissipation in the system, here
∆εn = ε|ϑ=0n − ε|ϑ=ϑ
m
n
n . The top and bottom panels of
Fig.8B show variation of these two parameters as a func-
tion of the maximum tilt angle ϑmn , respectively.
The following observations can be made from Fig.8 (a)
and (b) : (i) the elastic regime of the column extends for
ϑmn = 1.5
◦ beyond which the area of the hysteresis loop
Ω begins to increase abruptly. This elastic regime (non-
shaded region of Fig. 8(b) can accommodate strains of
the order of 5 × 10−3 which is much larger than that
observed for dry granular systems. (ii) In the elastic
regime, the recursive stress cycling shows smooth vari-
ation in (ε − sinϑ) with ϑ. However, beyond the elastic
regime (n > 5 or ϑmn > 1.5◦, the shaded region of Fig.
8(b) this variation becomes increasing jagged and clearly
shows discrete ‘jumps’ interspersed with smoothly vary-
ing sections. These jumps are signatures of mechanical
instabilities associated with contact line slippages. They
are related to the stress (tilt) induced reduction of the
energy barriers associated with the underlying pinning
potential which allows the ambient noise (fluctuations)
to induce creep like motion of the contact line. Anoma-
lies of elastic constants associated with the break down
of linear elastic response generates similar jumps in the
flow curves of disordered materials [45, 46]. (iii) The
maximum size of the jump height seen in the quantity
(ε − sinϑ) is about 0.01 ≈ O(a/L), i.e., the contact line
on an average moves by a particle scale. Further motion
of the contact line is possible only by jumping to the next
grain which is restricted by the presence of sharp edges
at the grain corners [47]. (iv) The increase in Ω is caused
by the cumulative effects of these jumps. These jumps
progressively generate local overhangs along the direction
of the tilt. This results in the column breaking forward
unlike a rigid “falling chimney” which breaks backward
[34, 35].
The effects of stress assisted creep are best seen in
the deformation of the column for the various clamp −ϑ
branches (here ϑ is held constant at ϑmn , see Fig.8(c). The
creep increases with increasing tilt angles (forces), e.g.,
see the n = 14 branch in Fig.8(c). Even during creep the
column evolves in a similarly punctuated stick-slip man-
ner with jumps in the quantity (ε − sinϑ) being limited
by the value a/L.
As the occurrences of creep increase, the survival−time
τsurv of a stationary stick phase decreases; see the inset
of Fig.8(c). The jumps themselves are abrupt in the ex-
perimental time scale: they occur over a period less than
10 ms, an order of magnitude shorter than the measured
shortest survival time (100 ms). The breaking of the col-
umn at the macroscopic scale (see Fig.7) is visible only
for values of τ greater than 10 s. This region shows a
rapid growth of (ε− sinϑ), its initiation is marked by an
arrow in Fig.8(c).
BRITTLE TO DUCTILE TO A SINGLE
PARTICLE DISINTEGRATION: TUNING THE
FAILURE MODE
These results imply that the skin, comprising of the
air-water-grain interface on the surface layer of grains, is
primarily responsible for the mechanical response of the
entire system and any modification of the skin will mod-
ify the behaviour of the system. One striking modifica-
tion is shown in Fig.9 where we create a partial vacuum
over the water surface, so that the trapped air within
9FIG. 8. (a) Variation of (ε − sinϑ) as a function of the tilt angle ϑ for the entire collection of selective minor-loops, where
ε = R/L. Here, R is the distance of the mid-point of the top of the column from the point (0, L) on the y−axis. (b) In top and
bottom panels, the strain (∆εn− sinϑmn ) and total area under the hysteresis loop Ω are plotted as a function of increasing ϑmn ,
respectively. Here, ∆εn = ε|ϑ=0n − ε|ϑ=ϑ
m
n
n . The shaded region is dominated by plastic response. (c) Variation of (ε− sinϑ) as a
function of clamp time τ for different values of n in the clamp−ϑ branch for n = 1, 7, 11, 13 and 14. The inset shows variation
of the survival time τsurv of a state of the column as a function of τ for C (n = 14, ϑ = 2.6◦, τ < 10 s). The data shown here
are for a column whose L = 100 mm, a = 500µm, d = 11 mm.
the column, one key component of the skin, escapes out
from the system as bubbles. The time-lapsed images in
Fig.9 (a) → (e) demonstrate that here too the failure
is initiated by bending at a finite critical height. But,
in contrast to the single tear shown above, the column
shows large-scale plastic deformations. Its structural in-
tegrity is extended for values of ψ greater than 90◦ by
forming a deformed neck, i.e., a narrowing of the col-
umn’s diameter, instead of forming a tear or a crack as
above. Here, the failure proceeds via this necking in-
stability whose spatial location is marked by an arrow
in Fig.9(e). Such large-scale (many-grains wide, in this
case) plastic flow and necking instabilities are typical of
ductile mode of failure in solids [48], in complete contrast
with the brittle failure described above. This change in
failure-mode is brought about by the loss of entrapped
air causing weaker cohesion in the column that results in
conformational changes of a softer skin and finally leads
to the ductile failure of the column.
For completeness, we note that a third, and limit-
ing, mode of failure occurs if degassing continues for a
long time. In the absence of air, the skin begins to lose
its strength (see the lustre-less lump in Fig.1(c). The
weak skin eventually fails to sustain the inward hydro-
static pressure and slumps under the slightest mechan-
ical disturbance. The water quickly drains in as the
structure disintegrates into a heap of particles, seen in
both Fig.1(d) and Fig.9(f); the hydrophobic sand then
behaves like its hydrophilic counterpart (right panel of
Fig.3(b). The removal of trapped air from the column
demonstrates the existence of an underlying dynamical
transition via which the failure-mode transforms from be-
ing brittle to being ductile, both of which are collective
(multi-particles) in nature, and finally to a total disinte-
gration of the skin that represents failure at the single-
particle level. This is analogous to dynamical transitions
from collective response to single-particle response in a
wide class of systems [49].
CONCLUSION
This paper provides a detailed study of mechanical
properties of underwater granular structures made of hy-
drophobic sand, where the self-generated cohesive skin
on the boundary of the structure encapsulates the dry
grains inside it from the surrounding medium water. In
our experimental results, three distinct length scales of
the system are found. (i) The scale of the hydrophobic
patches ≈ O(1µm) influences the strength of the pinning
of air-water interface on the grain surfaces. Depinning of
this interface produces macroscopically observable plastic
deformations of the contact lines around (ii) the grain-
scale ≈ O(102 µm) of the sand particles. (iii) At the sys-
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FIG. 9. A sequence of images: (a)→(e) shows an upright sand
column (d = 14 mm and L = 50 mm) which fails in a ductile
manner. This mode of failure is initiated by degassing the col-
umn and achieved by maintaining a low vacuum state over the
free surface of water. The degassing proceeds by emanating
bubbles from the column, which reduces the pressure inside
the column and thereby forcing conformational changes on
the skin. (f) The column looses its integrity by the slightest
mechanical disturbance and the structure disintegrates into a
heap of particles under water.
tem scale ≈ O(104 µm), the compressive traction forces
due to the column’s own weight drives the wrinkling of
the skin. The regions of large curvature of the structure
are the seeds from where the system-sized failure modes
nucleate. By partially removing the trapped air from
this structure, we also see that the collective failure can
be tuned from brittle to ductile. A more complete re-
moval of air causes the skin to crumble completely into
individual non-cohesive grains inside water. These ex-
perimental findings imply the existence of a tunable dy-
namical transition between a collective and an individual
(single-grain) mode of failure in this system. We expect
that these new results will help in engineering the gran-
ular encapsulation with desired material-properties in a
variety of applications and, at the same time, it provides
a deeper insight of the multi-scale mechanics, generic to
granular materials.
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